Abstract A key comparison has been made between the air-kerma standards of the VSL, Netherlands and the BIPM in the low-energy x-ray range. The results for the direct comparison show the standards to be in general agreement for the 10 kV, 30 kV and 25 kV radiation qualities at the level of the expanded uncertainty for the comparison of 6.6 parts in 10 3 . For the 50 kV qualities, differences approaching twice the expanded uncertainty are observed. The results for an indirect comparison made at the same time are not consistent with the direct results, in the worst case (10 kV) differing by 4 parts in 10 2 . The results are analysed and presented in terms of degrees of equivalence, suitable for entry in the BIPM key comparison database.
Introduction
A direct comparison has been made between the air-kerma standards of the Dutch Metrology Institute (VSL), Netherlands and the Bureau International des Poids et Mesures (BIPM) in the x-ray range from 10 kV to 50 kV. Indirect comparison measurements were also made using a transfer ionization chamber. The measurements at the BIPM took place in January 2012 using the reference conditions recommended by the CCRI (CCEMRI 1972) . Measurements to resolve specific problems at the VSL continued until August 2013 and final information on the VSL diaphragms was supplied in March 2014.
Determination of the air-kerma rate
For a free-air ionization chamber standard with measuring volume V, the air-kerma rate is determined by the relation 
where  air is the density of air under reference conditions, I is the ionization current under the same conditions, W air is the mean energy expended by an electron of charge e to produce an ion pair in air, g air is the fraction of the initial electron energy lost through radiative processes in air, and  k i is the product of the correction factors to be applied to the standard.
The values used for the physical constants  air and W air /e are given in Table 1 . For use with this dry-air value for  air , the ionization current I must be corrected for humidity and for the difference between the density of the air of the measuring volume at the time of measurement and the value given in the table 1 .
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Details of the standards
Both free-air chamber standards are of the conventional parallel-plate design. The measuring volume V is defined by the diameter of the chamber aperture and the length of the collecting region. The BIPM L-01 air-kerma standard is described in Boutillon et al (1969) and the changes made to certain correction factors given in Burns (2004) , and the references therein. The VSL ZSS Nr 1 standard was previously compared with the BIPM standard in a direct comparison carried out at the BIPM in 1996, the results of which are reported in van Dijk et al (2000) . The main dimensions, the measuring volume and the polarizing voltage for each standard are shown in Table 2 . Polarizing voltage / V 1500 1500
Comparison procedure
The BIPM irradiation facility and reference beam qualities
The comparison was carried out in the BIPM low-energy x-ray laboratory, which houses a constant-potential generator and a tungsten-anode x-ray tube with an inherent filtration of 1 mm beryllium. A beryllium filter of thickness 2.16 mm is added (for all radiation qualities) so that the half-value layer (HVL) of the present 10 kV radiation quality matches that of the original BIPM x-ray tube. A voltage divider is used to measure the generating potential, which is stabilized using an additional feedback system of the BIPM. Rather than use a transmission monitor, the anode current is measured and the ionization chamber current normalized for any deviation from the reference anode current. The resulting variation in the BIPM free-air chamber current over the duration of a comparison is normally not more than 3  10 -4 in relative value.
3/11
The radiation qualities used in the range from 10 kV to 50 kV are those recommended by the CCRI (CCEMRI 1972) and are given in Table 3 in ascending HVL from left to right.
The irradiation area is temperature controlled at around 20 °C and is stable over the duration of a calibration to better than 0.1 °C. Two thermistors, calibrated to a few mK, measure the temperature of the ambient air and the air inside the BIPM standard. Air pressure is measured by means of a calibrated barometer positioned at the height of the beam axis. The relative humidity is controlled within the range from 47 % to 53 %. 
Correction factors
The correction factors applied to the ionization current measured at each radiation quality, together with their associated uncertainties, are given in Table 4 for the BIPM standard and in Table 5 for the VSL standard.
The largest correction at low energies is that due to the attenuation of the x-ray fluence along the air path between the reference plane and the centre of the collecting volume. The correction factor k a is evaluated for the reference distance of 500 mm using the measured mass attenuation coefficients ( air given in Table 3 . In practice, the values used for k a take account of the temperature and pressure of the air in the standard at the time of the measurements. The value for k a for the VSL chamber at 10 kV has been increased by the factor 1.0010 to account for the larger mean air-attenuation coefficient for an air path length of 31 mm (the values given in Table 3 were measured at the BIPM for an air path length of 100 mm). This effect is negligible at the other radiation qualities. Ionization measurements are also corrected for changes in air attenuation arising from variations in the temperature and pressure of the ambient air between the radiation source and the reference plane.
Measurements using the BIPM standard were made using positive polarity only. A correction factor of 1.0005 was applied to correct for the known polarity effect in the standard. Similarly, measurements using the VSL standard were made using positive polarity only and a correction factor of 1.0002(10) was applied. The ionization currents for the standards are corrected for ion recombination. The measured values for the ion recombination correction k s for the BIPM standard are given in Table 4 . For the VSL standard, the values for k s given in Table 5 for the BIPM air-kerma rates are derived from measurements at the VSL. .325 kPa and for measurements at the BIPM; each measurement is corrected using the air density measured at the time. For measurements at the VSL, the larger uncertainty u iB = 0.0020 applies. b The VSL correction for scattered radiation does not include the effect of fluorescence. c For measurements at the VSL, the larger uncertainty u iB = 0.0010 applies.
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Chamber positioning and measurement procedure
The VSL chamber was positioned close to the BIPM chamber and both remained fixed throughout the comparison; the alternation of measurements between chambers was carried out by displacement of the radiation source. Alignment on the beam axis was measured to around 0.1 mm and this position was reproducible to better than 0.01 mm. No correction is applied for the radial non-uniformity of the beam; for apertures of diameter 5 mm and 8 mm, the effect of the BIPM beam non-uniformity is around 1 part in 10 4 and is included as an uncertainty in Table 7 . The reference plane for each chamber was positioned at 500 mm from the radiation source for all qualities. This distance was measured to 0.03 mm and was reproducible to better than 0.01 mm. The beam diameter in the reference plane is 45 mm for all qualities.
The air temperature for the VSL chamber was measured using a BIPM mercury thermometer, calibrated at the level of 0.05 K. The leakage current was measured before and after each series of ionization current measurements and a correction made based on the mean of these leakage measurements. For the BIPM chamber the leakage current, relative to the ionization current of around 40 pA, was less than 1 part in 10 4 and for the VSL chamber, with measured current around 20 pA, the relative leakage was equally small.
For the VSL standard, the standard uncertainty of the mean of a series of seven measurements, each with integration time 60 s, was less than 2 parts in 10 4 . Two such series were made for the comparison at each beam quality. For the BIPM standard, a similar series was made for each beam quality with a standard uncertainty around 1 part in 10 4 . For two of the radiation qualities (10 kV and 30 kV), the comparison was repeated on a subsequent day (the chambers remaining fixed in position) and the two comparison results for each quality agreed to better than 3 parts in 10 4 (included as an uncertainty for short-term reproducibility in Table 7 ).
Supporting measurements using a transfer chamber
A thin-window parallel-plate transfer ionization chamber belonging to the VSL, type Keithley 96035B, serial number 67067, was calibrated in both laboratories to obtain an indirect comparison result. This chamber is designed to be oriented either with the 'mammography' or the 'diagnostic' window facing the radiation source. For this indirect comparison, the results obtained using the mammography window (with diameter 40 mm) were used. The chamber was used in each laboratory with a polarizing voltage of +300 V applied to the chamber window and with the mid-plane of the chamber body positioned in the reference plane. The chamber thickness was measured to be 13.62 mm and thus the mid-plane taken to be 6.81 mm behind the front plane used for the chamber positioning.
The usual reference plane at the BIPM is 500 mm from the source, but for this indirect comparison was taken to be 1000 mm to match the conditions at the VSL. This beam diameter in both laboratories is around 100 mm at this distance. No corrections were applied for ion recombination; the dose rates at both laboratories being in the range from 0.21 mGy s -1 to 0.26 mGy s -1 at this distance. Similarly, no corrections were applied for radial non-uniformity, based on the assumption that the beam profiles will be similar at the two laboratories. The results are shown in Table 6 and include the correction k Q for differences in the radiation qualities at the two laboratories; the high value for k Q at 10 kV arises from the significant energy dependence of the transfer chamber at the lowest energies. These results are discussed later.
Uncertainties
The uncertainties associated with the primary standards and with the results of the comparison are listed in Table 7 . The uncertainties associated with the measurement of the ionization current and with chamber positioning are those that apply to measurements at the BIPM.
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The combined standard uncertainty u c of the ratio
takes into account correlation in the type B uncertainties associated with the humidity correction and the physical constants. Correlation in the values for k sc and k e is taken into account in an approximate way by assuming half of the uncertainty value for each factor at each laboratory. This is consistent with the analysis presented in Burns (2003) . 
Results and discussion
The comparison results are given in Table 8 . For the lower radiation qualities, general agreement at the level of 7 to 8 parts in 10 3 is observed, slightly larger than the expanded uncertainty (k = 2) for the comparison of 6.6 parts in 10 3 . The results for the two 50 kV qualities are higher, reaching twice the expanded uncertainty for the 50 kVa quality.
Also shown in Table 8 are the results of the direct comparison in 1996 between the two standards (van Dijk et al 2000; there was no comparison at that time for 25 kV). These results are taken from the key comparison database, where they are already updated for changes to the BIPM standard, and are further updated here for changes to the VSL standard, namely small changes in k sc and k e and the introduction of the correction factor k tr for diaphragm transmission. This analysis shows a change in the response of the standard of 6 to 12 parts in 10 3 , the earlier comparison showing significantly better agreement with the BIPM standard.
The only significant change to the standard is the use of an aperture of diameter 8 mm, rather than 5 mm in 1996. One notable difference between the two diaphragms is that the newer diaphragm (with an 8 mm aperture, 3 mm in length) has an upstream section 9 mm in diameter and 8 mm in length. This introduces the possibility of scatter from this additional surface entering the chamber and increasing the effect of aperture scatter, for which no correction is applied to the VSL standard. Measurements made after the comparison show that the air-kerma rate determined using the 8 mm aperture is 0.02% and 0.24% higher than for the 5 mm aperture for the 30 kV and 50 kVa qualities, respectively. These results suggest that a re-evaluation of the correction factors based on the 8 mm aperture is needed (the correction for diaphragm transmission k tr reported in Table 5 is the result of simulations for the 5 mm aperture). However, the magnitude of the observed effect is small in relation to the changes noted in the response of the standard. These results can be compared with those of the indirect comparison given in Table 6 . Evident in these indirect results is a very significant change in the values for N K,VSL supplied before and after the measurements at the BIPM, exceeding 10 % at the 50 kV qualities. The sequence of events was as follows. The pre-comparison measurements at the VSL were carried out in January 2012, shortly before transport to the BIPM. During the BIPM measurements in January 2012, it became clear that there was a significant difference between the pre-comparison values for N K,VSL and the values measured at the BIPM. Following the BIPM measurements, the VSL was informed of a large discrepancy, although no information was given on the magnitude or sign. On investigation, an error was found in the analysis of the VSL measurements and in June 2012 revised calibration coefficients N K,VSL were supplied (including new measurements of ion recombination and polarity corrections for the primary standard). Analysis of the new results showed some improvement, but they were still poorer than normally expected. In January 2013 the VSL supplied values updated for an error in k e for the 50 kV qualities and for the removal of data that showed temperature instabilities in the beam monitor at 10 kV and 25 kV. A draft comparison report was sent to the VSL in May 2013 containing the comparison results, notably with discrepancies of the order of 10% in the indirect comparison results for the 50 kV qualities.
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A closer inspection in August 2013 of the VSL pre-comparison data of January 2012 revealed a problem with two consecutive measurements for the VSL standard at 50 kV. These two measurements formed the second of the bracketed pair for the measurement of N K,VSL at 50 kVb and the first of the bracketed pair for the subsequent calibration at 50 kVa. Both measurements gave a result higher than expected by the factor 1.220 and it was concluded that this must have arisen from an error in the positioning of the standard. Eliminating these suspect results reduces the pre-comparison N K,VSL values for 50 kVb and 50 kVa by the factor 1.110. It is these revised pre-comparison results that are given in Table 6 .
Comparing the direct and indirect results shows them to have quite different trends. At high energies the indirect results are up to 1 % lower (in fact closer to the 1996 comparison result), while at 10 kV the indirect results are higher by over 4 %. The underlying reasons are likely to be different for the two energy extremes. At 10 kV the most likely possibilities are a problem with the measurement of the attenuation correction and/or with the measurement of the HVL (noting that if the true HVL was closer to the BIPM value, the 10 kV k Q factor of Table 6 would be closer to unity and the comparison result improved). Neither of these reasons is likely to explain the smaller but still significant discrepancy for the 50 kV qualities.
Degrees of Equivalence
The analysis of the results of BIPM comparisons in low-energy x-rays in terms of degrees of equivalence is described in Burns (2003) . Following a decision of the CCRI, the BIPM determination of the air-kerma rate is taken as the key comparison reference value, for each of the CCRI radiation qualities. It follows that for each laboratory i having a BIPM comparison result x i with combined standard uncertainty u i , the degree of equivalence with respect to the reference value is the relative difference Table 9 and in Figure 1 .
When required, the degree of equivalence between two laboratories i and j can be evaluated as the difference D ij = D i -D j = x i -x j and its expanded uncertainty U ij = 2 u ij , both expressed in mGy/Gy. In evaluating u ij , account should be taken of correlation between u i and u j (Burns 2007) .
Conclusions
The key comparison BIPM.RI(I)-K2 for the determination of air kerma in low-energy x-rays shows the standards of the VSL and the BIPM to be in general agreement for the 10 kV, 30 kV and 25 kV radiation qualities at the level of the expanded uncertainty for the comparison of 6.6 parts in 10 3 . For the 50 kV qualities, differences approaching twice the expanded uncertainty are observed. Comparison with the results of the direct comparison with the same standard in 1996, taking into account changes made to each of the standards, shows a change in the response of the VSL standard of 6 to 12 parts in 10 3 , the earlier comparison showing significantly better agreement with the BIPM standard. Indirect comparison results using a transfer chamber show poor agreement with the direct results, the discrepancy exceeding 4 parts in 10 2 at 10 kV.
Degrees of equivalence, including those for the VSL, are presented for entry in the BIPM key comparison database. Note that the data presented in the tables, while correct at the time of publication of the present report, become out of date as laboratories make new comparisons with the BIPM. The formal results under the CIPM MRA are those available in the BIPM key comparison database. 
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